Abstract Advances in task-based functional MRI (fMRI), resting-state fMRI (rs-fMRI), and arterial spin labeling (ASL) perfusion MRI have occurred at a rapid pace in recent years. These techniques for measuring brain function have great potential to improve the accuracy of prognostication for civilian and military patients with traumatic coma. In addition, fMRI, rs-fMRI, and ASL perfusion MRI have provided novel insights into the pathophysiology of traumatic disorders of consciousness, as well as the mechanisms of recovery from coma. However, functional neuroimaging techniques have yet to achieve widespread clinical use as prognostic tests for patients with traumatic coma. Rather, a broad spectrum of methodological hurdles currently limits the feasibility of clinical implementation. In this review, we discuss the basic principles of fMRI, rs-fMRI, and ASL perfusion MRI and their potential applications as prognostic tools for patients with traumatic coma. We also discuss future strategies for overcoming the current barriers to clinical implementation.
Introduction

Motivation for Functional MRI as a Prognostic Tool in Traumatic Coma
Traumatic coma affects more than one million civilians worldwide each year [1] [2] [3] . In addition, it is estimated that hundreds of military personnel have experienced a traumatic coma since the start of the wars in Afghanistan and Iraq [4, 5] . Some civilians and veterans remain in a vegetative state (VS) [6] or a minimally conscious state (MCS) [7] for months to years after emergence from a coma [8, 9] . Yet, recent evidence from the United States Department of Veterans Affairs Emerging Consciousness Program and the Traumatic Brain Injury Model Systems suggests that most patients with traumatic coma ultimately recover consciousness [9] [10] [11] . In addition, recovery of functional independence is possible in both civilian [10, 12, 13] and military [4] patients after traumatic coma. Outcome data from a recent series of studies have revealed that (1) a substantial minority of patients in a VS and an MCS for at least 1 year demonstrate ongoing improvement up to 5 years [8, 10, [14] [15] [16] , (2) up to 20% of patients eventually achieve household independence and/or return to work or school [8, 10] , and (3) patients in a traumatic MCS show more prolonged recoveries and are left with significantly less functional disability than those in a VS and a nontraumatic MCS [14] . Therefore, it is critical to identify as early as possible those patients who are severely injured but likely to demonstrate meaningful functional improvement.
Given the profound implications of neurological recovery for the patient, family, and society, significant attention has been dedicated in recent years to the development of assessment tools to predict outcomes after traumatic coma. The largest such efforts to date have been the International Mission for Prognosis and Analysis of Clinical Trials in TBI (IMPACT) [17] and the Medical Research Council CRASH [3] models. These prognostic tools use neurological examination and laboratory data, as well as imaging data from head computed tomography (CT), which continues to be the preferred acute-stage neuroimaging technique for patients with traumatic coma because of its accessibility and speed of acquisition. Over the past decade, efforts have been made to incorporate magnetic resonance imaging (MRI) data into prognostic models, since several studies have demonstrated that MRI provides superior prognostic value compared with CT [12, 18, 19] . Yet despite the benefit that MRI provides over CT for prognostication in traumatic coma, conventional MRI has been shown to have significant limitations as an early predictive tool of long-term outcomes [20] .
Further complicating efforts at prognostication are recent data demonstrating that standard bedside neurological examinations are often inaccurate for patients with traumatic disorders of consciousness (DOC). For example, consensusbased diagnosis of posttraumatic VS is associated with a misdiagnosis rate of up to 43% [21] [22] [23] when compared with a standardized neurobehavioral evaluation with the Coma Recovery Scale-Revised (CRS-R) [24] . This alarming statistic may be attributed to fluctuations in arousal, or impairments in visual, auditory, motor, or language function that limit the patient's ability to interact with the examiner [23] . The high misdiagnosis rate in patients with traumatic DOC has significant implications for prognosis, since patients in a posttraumatic MCS have significantly greater potential for neurological recovery than those in a posttraumatic VS [16, 25] .
Given the limitations of CT, MRI, and clinical consensus in predicting outcomes for patients with traumatic DOC, interest has grown in recent years in the application of functional neuroimaging techniques to identify brain activity and improve prognostic accuracy in patients recovering from traumatic coma. Advanced functional imaging techniques have begun to provide extraordinary insights into residual cognitive function in patients with traumatic DOC that could not otherwise be revealed by bedside examination or conventional neuroimaging. In addition, task-based functional MRI (fMRI), resting-state fMRI (rs-fMRI), and arterial spin labeling (ASL) perfusion MRI have the potential to identify patients who may benefit from pharmacologic and electrophysiologic therapies aimed at restoring consciousness [26] [27] [28] .
This review aims to provide an overview of recent advances in functional neuroimaging that are relevant to outcome prediction in patients with traumatic coma. The methodological principles and clinical applications of task-based fMRI, rsfMRI, and ASL perfusion MRI are described, with particular attention directed toward feasibility and clinical implementation. In addition, future directions for further study and overcoming barriers to clinical implementation are discussed.
Task-Based fMRI
Principles and Methods
Task-based fMRI is based on the principle that an MRI scanner can detect signal changes within the brain when a patient is exposed to a stimulus or asked to perform a cognitive task while in the scanner. The type of signal contrast that is most commonly used in fMRI studies is blood-oxygen level-dependent (BOLD) contrast [29, 30] . The BOLD technique takes advantage of activation-flow coupling within the brain. Specifically, when brain metabolic activity increases in response to a stimulus or task, so does local cerebral blood flow (CBF), assuming that cerebrovascular autoregulation is intact [31] . In BOLD fMRI, the physiological aspect of the activation-flow coupling response that is measured is the decrease in the regional deoxyhemoglobin level caused by a CBF response that exceeds the metabolic demands of the activated neurons. This decreased concentration of paramagnetic deoxyhemoglobin causes a susceptibility distortion of the magnetic field, and hence an increase in the T2* properties of the tissue that is detected by the MRI receiver coil.
In an example task-based fMRI study, the patient is exposed to an auditory stimulus administered via headphones or a visual stimulus administered via eye goggles or a video screen that is located behind the MRI scanner and viewed from a mirror attached to the head coil. Alternatively, a patient may be provided with verbal instructions via headphones to perform a cognitive task, such as imagining that one is swimming or playing tennis [32] . There are two major experimental designs for fMRI-event-related design and block design. Event-related designs are typically used to estimate the hemodynamic response to stimuli, whereas block designs are more sensitive for detecting activation. For the purposes of predicting outcome in traumatic coma, sensitivity is critically important and therefore most studies have used block designs. In a block design, stimuli are presented in discreet epochs (i.e., 16 s to 1 min), and the BOLD signal during the stimulus blocks ("on") is compared with the BOLD signal during a control block ("off"), such as a rest period. Brain "activation maps" are then derived from regions with statistically significant differences in the BOLD signal between "on" and "off" periods. There are many statistical approaches for detecting these differences (e.g., general linear modeling), but these methods are beyond the scope of this review and are discussed in more detail elsewhere [33] .
Correlations with Outcome in Traumatic Coma
In considering recent data from fMRI studies in traumatic coma, one must recognize that most studies have been performed in the subacute-to-chronic stage of injury and have focused on correlations between fMRI data and neurocognitive and/or behavioral tests performed at the time of the fMRI scan. This limitation reflects the significant difficulty of acquiring fMRI data early enough in the course of traumatic coma to provide an acute-stage prognostic biomarker. Intracranial hypertension, hemodynamic instability, motor restlessness, and a variety of other clinical factors often limit the feasibility of performing fMRI in the early stage of traumatic coma. Nevertheless, the potential clinical utility of fMRI has been demonstrated by studies showing that abnormal brain activation patterns detected by fMRI correlate with a broad range of neurocognitive and functional deficits in patients with prior traumatic coma, including memory impairment [34, 35] and motor dysfunction [36] . In a particularly noteworthy study, BOLD signal changes during an "n-back" memory paradigm correlated with working memory performance and with diffusion tensor imaging (DTI) measures of white matter connectivity in patients in the chronic stage of severe traumatic brain injury (TBI) [35] .
Functional MRI (fMRI) has also been used to elucidate the mechanisms involved in neuroplasticity. In a cohort of adolescents (aged 12-19 years) with chronic moderate-to-severe TBI, patients performing a perspective-taking task (i.e., thinking of the self from a third-person perspective) exhibited BOLD signal changes in regions such as the cuneus and parahippocampal gyrus that were not observed in controls [37] . Differential fMRI brain activation patterns were present despite the fact that the patients exhibited normal performance scores on neurocognitive tests conducted outside the MRI scanner. These results suggest that recovery of neurocognitive function may be dependent on the recruitment of additional neuroanatomic networks that were not previously associated with a particular function.
For patients with chronic traumatic DOC, fMRI has not only begun to elucidate the mechanisms involved in recovery and plasticity, but has also challenged classical concepts about the diagnosis of altered consciousness. In one of several groundbreaking studies, a 23-year-old woman in a traumatic VS was asked to perform motor and spatial imagery tasks (imagining playing tennis or walking through her house) while being imaged in the MRI scanner [38] . The fMRI activation patterns in the patient were similar to those observed in healthy controls: the supplementary motor area contingently activated during the motor imagery task, whereas the parahippocampal gyrus, posterior parietal cortex, and lateral premotor cortex activated during the spatial imagery task. These activations were detected despite the absence of any behavioral evidence of awareness of self or the environment on detailed neurological examination by a multidisciplinary team. This provocative finding of fMRI revealing active cognitive processing that is undetectable at the bedside has been reproduced in patients in an MCS and a VS in studies using a variety of motor imagery, spatial imagery, language, and visual paradigms [39, 40•, 41-52, 53••, 54, 55] (Table 1 ). In the largest such study to date, Monti et al. [53••] found that five of 54 patients with DOC (23 in a VS and 31 in an MCS; 33 with severe TBI) had brain activation patterns during commandfollowing paradigms involving motor and spatial imagery that were similar to those of controls (all five patients had traumatic DOC). Strikingly, one subject in a traumatic MCS answered questions while in the MRI scanner by linking the two imagery tasks described above to "yes" and "no" answers. Collectively, these studies suggest that task-based fMRI may provide evidence of conscious awareness that evades detection on bedside examination, thus raising the intriguing question as to whether fMRI data should be incorporated into clinical definitions of consciousness. In addition, the potential prognostic utility of these fMRI paradigms was highlighted in a recent study in which hierarchical language-related fMRI activation patterns correlated with the degree of behavioral recovery 6 months after the fMRI scan, as defined by the follow-up CRS-R score [40•] . Although the fMRI data for the 41 patients (22 VS, 19 MCS; 11 TBI) were acquired in the subacute-to-chronic stages of recovery (2-122 months), the strong correlation between fMRI data and 6-month behavioral outcomes suggests that fMRI in the acute stage may provide similar prognostic utility.
Limitations of Task-Based fMRI and Considerations for Clinical Implementation
As clinicians consider incorporating fMRI into the prognostic evaluation of patients with traumatic coma and other DOC, it is important to emphasize that the sensitivity and specificity of these techniques for detecting evidence of conscious awareness remain unknown pending large, multicenter studies. Along these lines, an international consortium of neuroimaging centers funded by the James S. McDonnell Foundation has launched an initiative to develop common structural and functional imaging paradigms to inform diagnosis and prognosis. There are also several methodological considerations that may affect fMRI data interpretation. These include patient motion, sedation, and delayed responses to stimuli due to slow cognitive processing [55] . Furthermore, standardized methods for analyzing BOLD fMRI data in the traumatic DOC population have not been adequately validated, and recent evidence suggests that a newly developed multivariate pattern analysis classification approach may be superior to the more commonly used general linear-model-based univariate approach [56] . These methodological issues and potential confounders suggest that further research is needed before stimulus-based fMRI can become part of the routine assessment of patients with traumatic coma and other DOC. Adapted from Laureys and Schiff [32] . Detailed neurological examination data from the time of injury are not provided in all of studies cited. We therefore included all studies in which at least one traumatic brain injury (TBI) patient was classified as having a severe TBI (typically based on an admission Glasgow Coma Scale score of 8 or less). The term "low-level activation" refers to activation within primary sensory cortices, whereas "high-level activation" refers to activation that is believed to indicate intentional perception DTI diffusion tensor imaging, EMCS emerged from minimally conscious state, FFA fusiform face area, LIS locked-in syndrome, MCS minimally conscious state, PHG parahippocampal gyrus, PMC premotor cortex, PPC posterior parietal cortex, PPA parahippocampal place area, SMA supplementary motor area, VS vegetative state a
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Resting-State fMRI
Principles and Methods
Rs-fMRI is based on the principle that spontaneous fluctuations in brain activity are temporally correlated in functionally related brain regions at rest. Identification of resting correlations in brain activity has led to the concept of "resting-state networks," which include the "default mode network" (DMN) [57] [58] [59] [60] , the "salience network" [61] , thalamocortical networks [62] , and the "executive control network" [61] . Notably, activity within the DMN typically decreases during active, goal-directed cognitive tasks, a physiologic property of the brain that has led to the concept of anticorrelated "task-positive" and "task-negative" networks [63] . From a methodological standpoint, functional connectivity within a network is defined by temporal correlations in the low frequency (less than 0.1 Hz), spontaneous fluctuations of the BOLD signal [64] . Rs-fMRI network connectivity can be analyzed using a variety of approaches, which include independent component analysis, frequency domain analysis, and seed-based techniques [65] [66] [67] [68] . In the latter approach, a region of interest is placed in a central hub within a network and the connected hubs are identified on the basis of the correlations in spontaneous fluctuations of the BOLD signal.
Correlations with Outcome in Traumatic Coma
To date, the resting-state network that has received the most attention in patients recovering from traumatic coma is the DMN. The gray matter nodes of this widely distributed network include the posterior cingulate/retrosplenial cortex, precuneus, medial prefrontal cortex, inferior parietal lobule (angular gyrus and supramarginal gyrus), and hippocampal formation [69, 70] . Several studies have demonstrated that DMN connectivity is altered in patients recovering from traumatic coma [71-75, 76•, 77] (Table 2 ). In addition, longitudinal increases in DMN connectivity have been correlated with functional recovery [72] , and the severity of DMN dysfunction has been shown to predict neurocognitive task performance [71, 73, 74] . Moreover, functional connectivity of cortical nodes within the DMN, as measured by rsfMRI, correlates with the structural injury of white matter pathways connecting these nodes, as measured by DTI [71, 73, 74] . This correlative rs-fMRI/DTI finding suggests that functional connectivity measurements may be firmly rooted in structural neuroanatomy, as has been similarly shown in healthy human control subjects [78, 79] . Perhaps most notably, the strength of functional connectivity within the DMN, as determined by rs-fMRI, has been to shown to correlate linearly with the level of consciousness after traumatic coma, as determined by the CRS-R [76•].
Limitations of Rs-fMRI and Considerations for Clinical Implementation
Several important limitations to the rs-fMRI technique should be considered. First, the BOLD signal in rs-fMRI studies (and task-based fMRI studies) is affected by CBF, blood volume, and oxygen consumption, and therefore is not a direct measure of neuronal activity. Second, the BOLD signal reflects changes in venous blood oxygenation that cannot be quantified in an absolute manner or with physiologic units. Third, there are potential sources of artifacts in the rs-fMRI signal that are not related to neuronal activity or cerebrovascular hemodynamics. These include the behavioral state of the patient (i.e., eyes closed, eyes open and inattentive, or eyes open and fixated on a visual target) [80] , as well as hardware noise [81] and physiological artifacts such as respiration and cardiac pulsation [77] . Care must therefore be taken when comparing results across cohorts that the data were acquired under similar study conditions and that potential artifacts are appropriately accounted for.
ASL Perfusion MRI
Principles and Methods
ASL perfusion MRI uses a radiofrequency pulse to label water protons in blood flowing through the carotid arteries by inverting their spins, thereby generating an endogenous contrast. The dissipation of these labeled spins in the distal cerebral vasculature provides an indirect measure of CBF. ASL can also be used in task-based fMRI studies to detect brain activation in response to a stimulus or a cognitive task, by pairwise subtraction of the MRI signal acquired during labeled and unlabeled acquisitions [31] . The ASL technique provides several methodological advantages, in that it can be performed rapidly [82] , it has high test-retest reliability [83] , and it can be repeated within a single scanning session to measure longitudinal changes in CBF [84] . Furthermore, unlike BOLD imaging, ASL perfusion MRI provides a direct measurement of arterial perfusion that can theoretically be quantified in absolute units of CBF (ml/100 g/min) if the longitudinal relaxation rates of blood and tissue as well as the labeling efficiency and arterial transit delays are known. The ASL signal should therefore correlate directly with neuronal activity as long as cerebrovascular autoregulation and activation-flow coupling mechanisms are intact [31] .
Correlations with Outcome in Traumatic Coma
ASL perfusion imaging studies have revealed alterations in global and regional resting CBF in patients recovering from traumatic coma. Patients in the chronic stage of moderate-to- Adapted from Laureys and Schiff [32] . Detailed neurological examination data from the time of injury are not always provided in the studies cited. We therefore included all studies in which at least one TBI patient was classified as having a severe TBI (typically based on an admission Glasgow Coma Scale score of 8 or less) BD brain dead, DMN default mode network, DTI diffusion tensor imaging, LIS locked-in syndrome, MCS minimally conscious state, PET positron emission tomography, PTA posttraumatic amnesia, VS vegetative state a The study enrolled subjects with both TBI and nontraumatic brain injury 375, Page 6 of 11
severe TBI have reduced global CBF in the resting state, as well as decreased regional perfusion in the thalamus, posterior cingulate cortex, and frontal cortex [85] . Reductions in thalamic perfusion correlate with thalamic atrophy, suggesting that ASL perfusion measurements may reflect the functional capacity of injured neurons. Furthermore, a correlation has been observed between decreased resting CBF in a neuroanatomic region and altered task-related activation of that region during an ASL fMRI working memory paradigm [86] . These findings suggest that ASL measurements of resting CBF may predict functional potential for recovery. ASL perfusion MRI has also been used to characterize global and regional changes in CBF associated with traumatic DOC. In one ASL study of patients with traumatic MCS, CBF was preserved in the precuneus/posterior cingulate region but was decreased in the anterior nodes of the DMN (e.g., medial prefrontal cortex) [87•] . These findings suggest reintegration of the posterior cingulate/precuneus into the DMN may be necessary for the transition from a VS to an MCS to occur, whereas reintegration of the medial prefrontal cortex into the DMN may be necessary for emergence from an MCS. Indeed, several fMRI and positron emission tomography studies support these ASL results by showing that a VS is associated with decreased function within the posterior nodes of the DMN [76•, 88, 89] , and recovery of metabolic activity and/or perfusion within these nodes is associated with recovery of conscious awareness [76•, 88] .
Limitations of ASL Perfusion MRI and Considerations for Clinical Implementation
Several potential confounders should be considered when interpreting the results of an ASL study in a patient recovering from traumatic coma. First, cerebrovascular autoregulation may be altered, and thus the ASL (and BOLD) signals may be confounded by decoupling of neural activity from CBF. Second, the manner in which the radiofrequency pulse is applied to label water protons in carotid blood may affect the perfusion measurements. Currently available labeling schemes include pulsed ASL, continuous ASL, pseudocontinuous ASL, and velocity-selective ASL. A discussion of the specific features of each ASL technique is beyond the scope of this review, but we wish to emphasize that signal-to-noise properties differ among the techniques, and there is no current consensus regarding the optimal labeling scheme. Therefore, cross-center comparisons may be confounded. Third, variability in the transit time for radiofrequency-labeled blood to flow from the tagging region to downstream sites of image acquisition can confound ASL perfusion measurements in patients with extracranial and/or intracranial cerebrovascular stenoses. Finally, ASL perfusion MRI relies on relatively small signal differences compared with BOLD signal changes, and it is therefore particularly susceptible to artifacts, such as those caused by EEG leads or patient motion. Currently, versions of pseudocontinuous ASL are available from three major MRI scanner manufacturers as either product or research sequences, but for commercially available ASL sequences, the reproducibility of results across scanner manufacturers has yet to be established.
Prognostic Utility of Task-Based fMRI Versus rs-fMRI Versus ASL Perfusion MRI In considering the relative prognostic utility of each respective technique, we must emphasize that there is currently insufficient data to evaluate the prognostic value of any of these techniques individually, much less to compare them. Nonetheless, the studies summarized in the previous sections have begun to provide critical insights into the settings in which each respective tool might provide prognostic value. With regard to the timing of data acquisition and prognostication, the administration of sedative medications during the acute stage of traumatic coma can clearly alter a patient's ability to respond to an imagery task or auditory stimulus [90] , and therefore task-related fMRI may not be an ideal technique to pursue in the acute stage. In contrast, rs-fMRI may be used to investigate resting-state networks across the spectrum of states of consciousness, throughout each stage of the sleep-wake cycle, and even during anesthesia [67, 91, 92] , although interpretation of the results may be confounded by altered metabolic status. Another important advantage of the rs-fMRI technique is its ability to analyze multiple resting-state networks within a single dataset, thereby reducing the data acquisition time for patients with traumatic coma who may not be able to tolerate a prolonged MRI scan needed to investigate multiple tasks. A major advantage of ASL perfusion MRI is its ability to provide direct repeated measurements of global and/or regional CBF within the same scanning session, before and after administration of a therapy. ASL perfusion MRI may thus be used to detect individualized responses to stimulant medications [84] , providing potentially relevant therapeutic and prognostic information about the potential for activation of latent neural networks.
Importantly, task-based fMRI currently has the most data supporting its use as a tool for detecting evidence of conscious awareness, which has significant prognostic relevance given that patients in a posttraumatic MCS have been shown to have greater potential for recovery than patients in a posttraumatic VS. Furthermore, recent evidence suggests that task-based fMRI paradigms may be used to investigate brain processing of pain [93] , which is of critical importance to the care of patients recovering from traumatic coma who may not be able to verbalize discomfort. Ultimately, the multimodal integration of task-based fMRI, rs-fMRI, and ASL perfusion MRI is likely to provide the highest prognostic yield, since each technique provides potentially unique information about the functional status of the injured brain (Fig. 1) .
Future Directions
Although major advances have been made in recent years in understanding the functional basis of awareness in patients with traumatic DOC, current understanding about arousal (wakefulness) lags far behind. Arousal is critical to the recovery of consciousness, since without arousal awareness is not possible. The current lack of understanding about the pathophysiological mechanisms that cause altered arousal in traumatic DOC can be explained by the inability of conventional imaging tools to identify the complex neuroanatomic connectivity of the brainstem ascending reticular activating system (ARAS). Since the discovery of the ARAS by Moruzzi and Magoun [94] in 1949, the vast majority of structural and functional analyses of this arousal network have been performed in animal models [95] . Indeed, the neuroanatomic connectivity of the human ARAS has only recently been mapped in preliminary ex vivo and in vivo tractography studies [96, 97] .
For clinicians to accurately determine a patient's chances of recovery, advanced imaging techniques must be developed to delineate the functional integrity of not only the hemispheric pathways that mediate awareness, but also the ARAS pathways that mediate arousal. This goal is fundamentally important to predicting recovery after traumatic coma, because the human ARAS network appears to contain redundant circuitry that may make possible recovery of arousal when some, but not all components of the network are disrupted [98] .
Finally, if fMRI data are to be integrated into clinical practice, it remains to be determined whether the data should be analyzed in each TBI patient's "native space," or whether each patient's data should be normalized to a standard neuroanatomic atlas, such as the coordinate system of the Montreal Neurological Institute atlas (MNI152 also known as ICBM152) [99] . Normalization allows population-based analyses and group comparisons of fMRI data and is typically feasible in patients with mild-to-moderate TBI, but can be difficult in patients with severe TBI with tissue shifts and mass effects.
Major methodological hurdles remain and significant additional research addressing sensitivity/specificity and positive/ negative predictive value is needed before the functional neuroimaging techniques discussed in this review can be implemented into clinical practice. Furthermore, automated analysis tools will need to be developed and validated in this patient population to allow rapid, robust, and reproducible interpretation of advanced imaging data at the point of care, so that clinicians are able to use these data to inform clinical decisions. Nevertheless, just as conventional MRI has been shown to be superior to CT for prognostication in traumatic coma, there is a rapidly growing body of evidence that functional neuroimaging techniques will surpass conventional MRI in their prognostic utility [20] . Fig. 1 Task-based functional MRI (fMRI), resting-state fMRI, and arterial spin labeling (ASL) perfusion MRI data from a 23-year-old woman scanned 146 days (5 months) after a traumatic coma caused by a motor vehicle accident. At the time of the scan, the patient was in a minimally conscious state according to a standardized examination on the Coma Recovery Scale-Revised. In a, activation within the left (arrow) hemispheric perisylvian language networks is observed during a passive language stimulus (spoken narrative). Processing of fMRI data was done using FEAT version 5.98, part of FSL (http://www.fmrib. ox.ac.uk/fsl), and the color scale bar indicates the Z scores. In b, an independent component resting-state fMRI analysis reveals that the posterior cingulate/precuneus region of the default mode network (arrow) retains partial functional connectivity with the inferior parietal lobules (arrowheads), but connectivity with the medial prefrontal cortex (asterisk) has been disrupted. Independent component analysis was conducted using probabilistic independent component analysis [66] as implemented in MELODIC version 3.10, part of FSL. The color scale bar indicates the independent component (IC) map with a threshold applied, with yellow to red colors indicating positive correlations, and blue colors indicating negative correlations (anticorrelations). In c, an ASL perfusion-weighted imaging (PWI) map using pulsed ASL demonstrates cerebral perfusion in the posterior cingulate/precuneus region (arrow) and thalami (arrowheads). The color scale bar indicates relative cerebral perfusion
Conclusions
Task-based fMRI, rs-fMRI, and ASL perfusion MRI have the potential to provide clinically relevant information about the functional integrity of neural networks that are critical to recovery of consciousness and independent function. As advances in functional neuroimaging begin to elucidate the complex pathophysiology of traumatic coma and the mechanisms of recovery, a major challenge that will confront clinicians is how to apply these advanced imaging techniques to the benefit of their patients on an individualized basis. With each new technology, there are a myriad of methodological factors that must be considered for accurate interpretation. Nevertheless, as standardized protocols for data acquisition and analysis are validated and implemented, we expect that task-based fMRI, rs-fMRI, and ASL perfusion MRI, when used in association with standardized neurobehavioral methods, will improve the accuracy of prognostication, facilitate the development of novel therapies, and allow families to make more informed decisions about goals of care.
